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Abstract Long tide gauge records from Fremantle and San Diego are used to examine interdecadal sea
level fluctuations and their relationship to Pacific climate variability. The sea level difference between the
tide gauges and the Southern Oscillation Index (SOI) provide a consistent depiction of trade wind variations
along the equator over the past century. The sea level difference and SOI exhibit weak interdecadal
variability prior to the late 1970s, followed by an extended 40-year period of high levels at San Diego and
low at Fremantle, and low SOI levels signifying weakened equatorial trade winds. By referencing the tide
gauge records to global mean sea level, we infer that Pacific trade winds exhibited weak departures from
mean conditions on interdecadal time scales prior to the late 1970s and that a prolonged El Niño-like
lull dominated the tropics at the end of the century. A recent shift suggests that the trades are reverting
back to the El Niño-like state. These tropical interdecadal variations have counterparts in the extratropical
North Pacific after the 1970s, as captured by the Pacific Decadal Oscillation, but the early twentieth century
quiescent phase in the tropical Pacific is not reflected in the extratropics, which exhibits more energetic
oscillatory behavior over the same time span.

Plain Language Summary Long tide gauge records from Fremantle and San Diego provide a
measure of interdecadal variations in trade wind forcing that impacts both locations. The records indicate
substantial interdecadal sea level variation after the 1970s caused by a prolonged relaxation of the Pacific
trade winds. Sea level and trade wind variations of this sort were considerably weaker earlier in the century.
Measures of interdecadal climate variations in the extratropical North Pacific covaried with the trade winds
after the 1970s, but the correspondence breaks down early in the century when tropical winds were near
normal and the extratropics exhibited energetic interdecadal variability. The findings support previous
studies that emphasize that the tropical and extratropical Pacific are not always in sync at these time scales,
which has ramifications for understanding the underlying drivers of these variations as well as for decadal
climate prediction.

1. Introduction

Climate variations on interdecadal time scales occur prominently throughout the Pacific Ocean basin, particu-
larly those associated with the Pacific Decadal Oscillation (PDO; Mantua et al., 1997). Sea surface temperature
(SST) variations related to the PDO peak in the Aleutian low region, with a prominent anticorrelated signal in
the eastern equatorial Pacific cold tongue region. This meridional dipole pattern suggests a dynamical link-
age between the tropical and extratropical Pacific, in the manner of the higher-frequency El Niño Southern
Oscillation (ENSO; Y. Zhang et al., 1997). In this study, we consider how consistent this linkage is over
interdecadal time scales.

Y. Zhang et al. (1997) noted that the ENSO-like variability at interdecadal frequencies is symmetric about the
equator, which also has been referred to as the Interdecadal Pacific Oscillation (IPO) pattern (Power et al., 1999).
Newman et al. (2016) characterized the symmetric IPO as a reddened ENSO component driven by both inter-
annual and decadal ENSO variability, whereas the asymmetric PDO includes internal North Pacific processes,
primarily due to atmospheric noise at high latitudes.

A notable feature of Pacific interdecadal variability is the prominence of fluctuations on 50- to 70-year time
scales. These interdecadal oscillations, evident in both the PDO and IPO, have been related to climatic regime
shifts (Minobe, 1997). Notably, the regime shift in the 1970s marked a transition (among other indicators)
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of warming tropical Pacific SSTs and weakening trade winds (Graham, 1994; Nitta & Yamda, 1989; Trenberth,
1990; Trenberth & Hurrell, 2014). Earlier North Pacific regime shifts in the instrumental record have been iden-
tified in the 1890s, 1920s, and 1940s (Minobe, 1997). Here we emphasize that the oscillatory behavior and
regime shifts identified in the extratropics may not necessarily involve the tropics, and as such the 1970s shift
in the tropics stands out as a more singular event over the century.

To examine interdecadal variations of Pacific climate going back to the early part of the twentieth century, we
take advantage of the distinctive sea level anomaly patterns associated with low-frequency trade winds fluc-
tuations, which lead to sea level anomalies along the equatorial and coastal wave guides at similar time scales
(Clarke & Lebedev, 1999; Feng et al., 2004; Merrifield, 2011; Thompson et al., 2014). For example, beginning
with the 1970s regime shift, weakening trade winds led to rising sea levels to the east and falling sea levels to
the west in the zonal dipole region, followed by a trend reversal in the early 1990s (Chen & Wallace, 2015; Feng
et al., 2011; Merrifield et al., 2012). Interdecadal sea level variations in the western tropical Pacific (Feng et al.,
2011; Merrifield et al., 2012) and along the Pacific coast of North America (Bromirski et al., 2011; Thompson
et al., 2014) have been linked to the PDO, and X. Zhang and Church (2012) identified a PDO-related sea level
pattern similar to the SST-based PDO mode, with an implied connection between the tropics and extratropics.

Although Pacific sea level variations have been related to PDO variability, it has been established that different
forcing mechanisms, independent as well as coupled, drive changes in the PDO pattern (Newman et al., 2016),
which raises questions about the interpretation of extratropical/tropical coupling associated with the PDO.
Another concern for assessing interdecadal climate variations in the Pacific is the poor sampling of SST and
other fields early in the twentieth century (Deser et al., 2010). Sea level represents one of the few in situ data
sets available to infer basinwide patterns on these time scales.

To explore these issues, we use two representative tide gauges with long records, San Diego and Fremantle, to
document interdecadal sea level variations driven in the tropics. The sea level time series provide a consistent
view of tropical wind forcing on interdecadal time scales when compared to the Southern Oscillation Index
(SOI) and provide corroborating evidence of conditions in the early twentieth century. Our analysis extends
the studies of Clarke & Lebedev (1996, 1999) by taking into account 20 more years of data and by taking advan-
tage of comparisons with global mean sea level (GMSL) estimates to assess how the regional sea level, and
by inference wind anomalies, departs from a background mean state. This leveling of the records emphasizes
the prolonged trade wind pause that dominated the post-1970s climate shift in the tropics, and points to a
clear distinction with PDO-related variability on these time scales.

2. Data Sets

We focus on tide gauges positioned on either side of the dipole sea level response to equatorial trade wind
forcing as described by Clarke and Lebedev (1996). To the west of the trade wind forcing region, the longest
tide gauge record is from Fremantle, Australia (Figure 1a). Previous studies have documented the utility of
the Fremantle record for diagnosing Pacific trade wind variability associated with ENSO and longer-time scale
signals (Chen & Wallace, 2015; Feng et al., 2004, 2010; Thompson et al., 2014). The Fremantle time series is
constructed using monthly sea level time series from the Permanent Service for Mean Sea Level (PSMSL) from
1897 to 2016. To the east, a number of tide gauges date back to the late 1800s (San Francisco) and early 1900s
(Seattle and San Diego). We use the San Diego tide gauge based on the results of Thompson et al. (2014), who
showed that San Diego exhibits weaker locally wind-forced sea level variability than stations to the north and
hence is more representative of equatorial trade wind forcing. The PSMSL record for San Diego spans 1906
through 2016.

Similar to Feng et al. (2004), we compare the SOI, a well-established proxy for trade wind variability, to the sea
level time series. We select the SOI over other ENSO indices derived from SST because the SOI represents a rela-
tively self-consistent, in situ measurement that dates back as far as the tide gauge records. The SOI index from
1951 to 2016 was obtained from the National Oceanic and Atmospheric Administration National Center for
Environmental Information (NCEI). To extend the record back to 1882, we used atmospheric pressure records
obtained from the Australia Bureau of Meteorology. A small bias offset (0.16) was added to the pre-1951 SOI
record for consistency with the NCEI record. The Equatorial Southern Oscillation Index was obtained from
Lucia Bunge′s website at Florida State University. To examine climate variability representative of the North
Pacific, we use the PDO and IPO SST-based indices from the NCEI. We also compare the tide gauge results
to SST patterns obtained from the gridded National Oceanic and Atmospheric Administration Extended
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Figure 1. (a) Annual average sea level at Fremantle and San Diego. (b) Δ𝜂 = San Diego − Fremantle sea level versus
the SOI multiplied by −1. The squared correlation is 0.69. (c) Low-pass-filtered versions of the time series in (b).
(d) Low-pass-filtered time series of the PDO and IPO indices. SOI = Southern Oscillation Index; PDO = Pacific Decadal
Oscillation; IPO = Interdecadal Pacific Oscillation.

Reconstructed Sea Surface Temperature data set (Smith et al., 2008; Xue et al., 2003). Wind stress fields
(1948–2016) were obtained from the National Centers for Environmental Prediction (NCEP)/National Center
for Atmospheric Research Reanalysis 1 (NCEP1) project (Kalnay et al., 1996). Interdecadal variations in all
variables are obtained by convolving the time series with a 21-year Hanning filter.

3. Results

The Fremantle and San Diego sea level records contain a GMSL component, the dipole fluctuations associ-
ated with trade wind forcing in the equatorial Pacific, a response to forcing along the continental margins
connecting each site to the equatorial region, and vertical land motion (VLM) at the tide gauges. The trade
wind-forced response is featured by taking the difference of the annually averaged San Diego and Fremantle
tide gauge records, Δ𝜂, which minimizes the common GMSL signal (Figure 1b) and emphasizes the zonal
dipole. The relationship of Δ𝜂 to trade wind forcing has been considered by Li and Clarke (1994) and others
and is illustrated by the significant correlation (r = −0.83) between Δ𝜂 and the SOI. The sea level difference
captures the well-known ENSO signal with anomalously high sea level at San Diego and low at Fremantle
when the trade winds weaken (negative SOI) and vice versa during periods of strong trades (positive SOI).

The average of Fremantle and San Diego sea levels, 𝜂̄, tends to minimize the anticorrelated dipole signal.
The linear trend of 𝜂̄ for the 1905–2010 period, 1.81 mm/year, is slightly higher than the trend of GMSL,
1.72 mm/year, obtained from the estimate of Church and White (2011). Other GMSL estimates, summarized for
example in Natarov et al. (2017), may yield larger trend differences with 𝜂̄. Featherstone et al. (2015) reported
a nonlinear VLM trend in the Fremantle sea level time series. We note that the difference of tide gauge and
satellite altimeter data at Fremantle (http://ccar.colorado.edu/altimetry/) yields a residual with a linear trend,
implying steady VLM, but with no indication of a significant nonlinear trend. We attribute the nonlinear trend
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Figure 2. Low-pass-filtered San Diego and Fremantle sea levels and global
mean sea level (GMSL) from Church and White (2011), extended to 2016
using GMSL estimated from Aviso sea surface height. The records are offset
to have similar mean values during 1910–1940.

in relative sea level at Fremantle to absolute sea level changes and not
local VLM. Given the correspondence between Δ𝜂 and the SOI, and the
lack of obvious VLM contributions that might obscure the ocean signals,
we proceed under the assumption that the two sea level records provide
an adequate representation of wind forcing in the equatorial Pacific.

The main focus of this study concerns the interdecadal variability of Pacific
trade wind forcing at the equator, as captured by Δ𝜂. Low-pass-filtered Δ𝜂
exhibits weak departures from steady conditions prior to the late 1970s
(Figure 1c). Subsequently, Δ𝜂 increases and peaks near 1990 and returns
back to the pre-1970s mean after 2000. A similar interdecadal variation
occurs in the SOI index (Figure 1c), which corresponds to a trade wind
weakening in the late 1970s, reaching a minimum near 1990, and rebound-
ing since then. Together the variations characterize a prolonged period of
El Niño-like conditions on interdecadal timescales, which began with the
regime shift of the late 1970s. Clarke and Lebedev (1996) noted the trade

wind weakening in the SOI index following the 1970s regime shift, and these more recent data emphasize
the relaxation back to the mean. The Equatorial Southern Oscillation Index of Bunge and Clarke (2009) (not
shown) exhibits a similar pattern as the SOI.

The sea level and SOI signals covary, but is sea level dynamically consistent with the implied wind forcing?
The momentum balance relating the sea level difference and the zonal wind stress (𝜏x) is

Δ𝜂 = 1
𝜌gH ∫

L

0
𝜏

xdx, (1)

where g is the acceleration due to gravity, 𝜌 is water density, x is the distance along the equator, L = 1.62×107 m
is the estimated width of the equatorial Pacific, and H is a measure of the thermocline depth (Clarke & Lebedev,
1999; Li & Clarke, 1994). Following Bunge and Clarke (2009), we estimate the average zonal wind stress from
the SOI. We use NCEP reanalysis zonal wind stress, annually averaged and spatially averaged between 1∘N
and 1∘S and between 133∘E and 280∘E, and regress the averaged wind stress (from 1975 to 2016) on to the
SOI, yielding a regression coefficient of b = −6.4 × 10−3 Pa. We then estimate H from

SOI =
𝜌gH
bL

Δ𝜂. (2)

A least squares fit yields H = 63 ± 17 m (95% confidence interval, assuming an independent point every
3 years), which is comparable to, although shallower than, recent estimates by Yang and Wang (2009) of
the mean thermocline depth along the equatorial Pacific (∼100 m, their Figure 1). A similar estimate of H is
obtained using low-pass-filtered time series in (2). The sea level difference appears to scale reasonably well
with equatorial wind forcing.

We next compare the interdecadal wind fluctuations in the tropical Pacific, inferred from the SOI and Δ𝜂, with
indicators of interdecadal climate variations in the North Pacific in the form of the PDO index and the IPO
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Figure 3. Low-pass-filtered time series of sea surface temperature averaged
in the three tripole regions identified by Henley et al. (2015). The Tripole
regions are identified in Figure 4).

(Figure 1d). Interdecadal fluctuations in the PDO and the IPO exhibit 50- to
70-year variations that have been noted in various studies (Minobe, 1997).
Δ𝜂 and the SOI match the PDO and IPO after 1980 but do not exhibit similar
amplitude fluctuations prior to this period. Thompson et al. (2014) noted
the changing relationship between the SOI and PDO based on low-pass
filtered time series with a higher-frequency cutoff than considered here.
The difference between the SOI and PDO/IPO is particularly pronounced
at interdecadal time scales. Tropical wind forcing in the Pacific appears to
co-oscillate with proxies of extratropical climate variations in the North
Pacific after the late 1970s regime shift but not during the earlier portion
of the twentieth century.

The weak interdecadal variations in Δ𝜂 and the SOI prior to the 1970s sug-
gest weak departures from mean equatorial Pacific wind forcing during
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Figure 4. Sea surface height trends from (a) 1993–2011 and (b) 2012–2016 based on Aviso sea surface height gridded
data. The locations of the San Diego (SD) and Fremantle (FR) tide gauges and tripole regions used in Figure 3 are
identified.

this period. To further illustrate this point, we plot low-pass-filtered San Diego and Fremantle sea level ver-
sus GMSL (Figure 2). The absolute means of each of these records are not known; however, we can level the
records approximately by assuming that the two sea level records tracked GMSL prior to the 1970s regime
shift, as the equatorial wind fluctuations that would cause significant departures from GMSL were relatively
weak as suggested by the SOI. The dominant interdecadal variability in the combined record occurs after the
regime shift, at which point sea level rises and falls at San Diego, with a near-mirror image at Fremantle, due to
the decrease in the trade wind forcing in the equatorial Pacific. Having independent atmospheric and oceanic
indicators of the interdecadal trade wind variability increases our confidence in the result. Moreover, the lev-
eled record also emphasizes that the last third of the twentieth century can be characterized as a prolonged
trade wind lull in the tropics with associated El Niño-like background conditions.

Is the difference in interdecadal variability in the tropics and extratropics evident in SST? We explore this using
SST in the tripole regions identified by Henley et al. (2015) (Figure 3). A large variation in SST occurs prior to the
1970s in the North Pacific (25∘N–45∘N, 140∘E–145∘W), the main center of action of the PDO, which is absent
in the tropical Cold Tongue (10∘S–10∘N, 170∘E–90∘W) and South Pacific (50∘S–15∘S, 150∘E–160∘W). The
North Pacific SST tracks the interdecadal fluctuations in the PDO (Figure 1d). The Cold Tongue temperatures
exhibit a prolonged El Niño-like warm phase after the 1970s, similar to that seen in Δ𝜂 and the SOI. The warm
SSTs during this period are not as pronounced from earlier interdecadal anomalies in SST, such as the slight
cooling in the 1950s. We speculate that sparse data coverage of SST in the tropics prior to the 1970s makes
the El Niño-like warm phase less pronounced in the cold tongue SSTs than it is in the long tide gauge and
atmospheric records examined here.

The tide gauge records suggest a return to the mean in the early 21st century (Figure 2); however, Hamlington
et al. (2016) describe a recent shift in the PDO index from a cold to a warm state. This is illustrated by comparing
satellite sea surface height trends from 1993 to 2011 (Figure 4a), when trade winds were increasing toward a
more normal state, and from 2012 to 2016 which depicts the flip in the dipole pattern (Figure 4b). Based on
the San Diego and Fremantle comparisons, the recent change, at least for the tropics, represents a return to
weak trade wind conditions following a brief period of normal, or perhaps slightly above normal, conditions
when the respective sea level records reverted back to the GMSL (Figure 2). This implies that the tropics may
be experiencing consecutive El Niño-like anomalies on interdecadal time scales rather than an oscillation from
warm to cold to warm states.

4. Discussion

Sea level provides unique insights into wind patterns on interdecadal and shorter time scales as departures
of sea level from a global average generally require sustained wind forcing to maintain the anomaly. Likewise,
regional sea level trends that differ from the GMSL trend typically reflect trending wind patterns (Merrifield &
Maltrud, 2011). We exploit this dynamical connection between sea level and winds to assess wind-forced sea
level anomalies captured in the long San Diego and Fremantle tide gauge records. Although positioned nearly
at antipodes, the two sea level stations are intrinsically linked by Pacific trade wind forcing which, because of a
long, coherent fetch along the equatorial Pacific waveguide, dominates sea level anomalies along the down-
stream boundaries of the Indo-Pacific. Dipole or seasaw variations on either side of the main forcing region
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persist as long as the anomalous wind forcing is sustained. The San Diego-Fremantle sea level difference thus
provides a direct measure of tropical trade wind strength, measured in a consistent fashion, dating back to
the early 1900s.

At interdecadal time scales, the tropics does not necessarily covary with the extratropics, which may have
implications for decadal forecasts. The lack of a consistently synced interdecadal response between the trop-
ics and extratropics supports the notion that climate variations in the Pacific driven by trade winds can be
a distinct phenomenon from the variations centered in the Aleutian Low region associated with the PDO.
Significant interdecadal variations in the Aleutian Low region may occur without an obvious teleconnection to
the tropics. We note that Deser et al. (2004) found a stronger connection between interdecadal climate varia-
tions in the tropics and extratropics than described here. Many of the tropical indicators that they describe, for
example, SST anomalies in the tropical Indian Ocean and southeast Pacific Ocean and variations in the South
Pacific convergence zone, may not necessarily reflect changes in trade wind strength. We emphasize that our
conclusions are based solely on changes in equatorial trade winds and the resulting sea level response.

Indicators that measure trade wind strength, such as the SOI, are more useful for assessing tropical and
connected coastal sea level anomalies at interdecadal time scales than the PDO index. In a related study,
Chambers et al. (2012) found a lack of a 60-year PDO-like oscillation in North American tide gauge data, includ-
ing San Diego, even though the gauges are adjacent to the PDO center of action in the Aleutian Low region.
This is consistent with our findings, as well as those of Thompson et al. (2014), that the North American records
reflect tropical wind forcing more than local forcing and the tropical forcing does not feature a 60-year oscil-
lation. Along that same coastline, Bromirski et al. (2011) describe dynamical suppression of sea level trends
associated with PDO regime shifts. We note, however, that the PDO regime shifts were not a feature of the
Pacific coast tide gauge records earlier in the century. Thus, the long sea level records discussed here rein-
force conclusions reached from the SOI that the prolonged trade wind lull in the tropics beginning around
1970 represents a departure from the character of tropical variability earlier in the century, not an ongoing
multidecadal oscillation. By extension, coupling of tropical and extratropical Pacific climate may be a feature
of recent decades only and not necessarily a stationary relationship.

Although the San Diego and Fremantle tide gauge time series are among the longest sea level records in the
Pacific, or of any in situ ocean variable for that matter, they provide only a snapshot of interdecadal variability.
Longer time series are needed to evaluate the drivers of the trade wind lull, as well as to assess the linkages,
or lack thereof, of multidecadal climate fluctuations in the tropics and extratropics.
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